INTRODUCTION
In the USA, it is estimated that more than 50% of outpatientprescribed antibiotics are inappropriate, predominantly among patients seeking treatment for acute respiratory infections (ARIs) caused by viruses. Such unnecessary antibiotic use leads to increased risk of adverse events and emergency department (ED) visits for such events and additional financial costs to the healthcare system. [1] [2] [3] Furthermore, excess antibiotic use contributes to the ever-increasing problem of antibiotic resistance. [4] [5] [6] The Centers for Disease Control and Prevention (CDC) notes that the single most important action needed to slow the spread of antibiotic-resistant infections is to reduce the amount of inappropriate and unnecessary antibiotic use in humans and animals. 7 A large body of work describes various attempts to curb inappropriate antibiotic prescribing through traditional interventions such as physician and patient education, electronic clinical decision support, and financial incentives. These have only resulted in modest reductions in antibiotic prescribing rates for nonbacterial ARIs. 8, 9 An alternative approach to changing prescribing behavior applies ideas from the behavioral sciences, using social cues and subtle changes in the clinic environment to influence clinical decision making. 10, 11 Efforts to change antibiotic prescribing through the use of behavioral insights have been implemented recently in the USA and also in the UK. 12, 13 In the USA, a multi-site cluster randomized clinical trial, the BEARI study, evaluated the effectiveness of behavioral interventions on the rates of inappropriate antibiotic prescribing in primary care practices with existing electronic health records systems in Boston and Los Angeles. 12 The interventions implemented were the following: (1) Suggested Alternatives, which utilizes computerized clinical decision support to suggest non-antibiotic treatment choices in lieu of antibiotics; (2) Accountable Justification, which prompts entry of free-text justification that become part of the patient's electronic health record when antibiotics are prescribed; and 3) Peer Comparison, which sends a periodic email to prescribers about his/her rate of inappropriate antibiotic prescribing relative to colleagues. The study found that all three interventions led to absolute reductions of 16-18% in inappropriate antibiotic use over an 18-month period.
Previous cost-effectiveness analyses on reducing inappropriate outpatient antibiotic prescriptions among outpatients have focused on the cost impact of using biomarker point-ofcare tests (C-reactive protein (CRP), procalcitonin) to identify patients with possible bacterial lower respiratory tract infection. [14] [15] [16] These models have shown that such tests do not significantly increase costs nor impact patients, while having a significant effect on reducing inappropriate antibiotic prescriptions, and are thus cost-effective. No other cost-effectiveness models have assessed other interventions to reduce outpatient antibiotic prescribing. To assess the tradeoffs between costs and benefits and inform public policy, we conducted a costutility analysis from the US societal perspective to determine the BEARI interventions' value in reducing inappropriate antibiotic prescriptions.
Methods
Model Background. Each of the interventions was compared to a control of no intervention, based on the assumption that in clinical practice, the baseline standard of care is the lack of targeted interventions to reduce inappropriate antibiotic use. Because the BEARI interventions focused on reducing inappropriate antibiotic use for nonspecific upper respiratory tract infections commonly caused by viruses, we included the following primary ARIs that could result in justifiable antibiotic use in adults: acute otitis media, sinusitis, and pharyngitis. 17 Statistics and model parameters for these infections and resistance rates were based on data for Streptococcus pneumoniae, as this is the most common causative bacterial pathogen for community-acquired respiratory tract infections. 18 We assumed that an individual could be infected with either susceptible bacterial strains, i.e., likely to clinically resolve with just one course of antibiotics, or resistant ones that may require multiple courses of antibiotic treatment.
Model Structure. We constructed a Markov model with annual cycles to simulate utilization of antibiotics, cost of care, and health outcomes for a 45-year-old adult presenting to a healthcare provider with signs and symptoms of ARI potentially with complications, as this was the approximate average age of the population in the BEARI trial, and for which age-specific data on inappropriate antibiotic prescribing rates were available (Fig. 1) . The model framework was identical for each treatment arm (control, Suggested Alternatives, Accountable Justification, and Peer Comparison), with treatment-specific model inputs. We used this model to estimate the cumulative costs, quality-adjusted life years (QALYs), and incremental cost-effectiveness ratios (ICERs) of three interventions relative to the control of no intervention over a 30-year period and from the US societal perspective. This time horizon was used as the estimated duration for amortization of any costs associated with the initial implementation of the interventions. Model computation was done in R version 3.3.1 using the markovchain package. 19 The model was split into two major groups: those vaccinated against pneumococcal disease and those who are not. An individual began as unvaccinated and transitioned to the vaccinated group at age 65 and older at a rate based on the overall change in pneumococcal vaccination coverage per year. Within each group, the individual could contract either a viral ARI, susceptible bacterial ARI (sinusitis, otitis media, pharyngitis), or resistant bacterial ARI, due to the most common pathogens associated with these diseases in adults including S. pyogenes (pharyngitis), S. pneumoniae, H. influenzae, and M. catarrhalis (otitis media, sinusitis) and S. aureus in some cases of sinusitis. 20, 21 In all three clinical conditions, individuals who received antibiotics were at risk for experiencing drug-associated adverse reactions that either self-resolved or resulted in an emergency department visit and very rarely, death. Severe bacterial ARI was assumed to be one requiring hospitalization regardless of organism susceptibility, with complications such as mastoiditis and brain abscess (acute otitis media), orbital infection (sinusitis), or rheumatic heart disease, tonsillar/retropharyngeal abscess, and glomerulonephritis (pharyngitis). 22, 23 Probabilities. Annual transition probabilities for each state were derived from available literature and information regarding resistance patterns from CDC ( Table 1 ). The baseline probabilities of receiving an antibiotic for undifferentiated viral infection, sinusitis, acute otitis media, and pharyngitis were derived from a national study evaluating antibiotic prescriptions dispensed in the ambulatory setting, as well as the true prevalence of bacterial URI. 24 Reductions in antibiotic prescribing were as reported in the BEARI study. 12 Rates of hospitalization for ARI and complications related to these hospitalizations were based on the Agency for Healthcare Research and Quality (AHRQ) National Inpatient Stay (NIS) data on ED to hospital admissions for ARIs, as well as expert opinion from infectious diseases clinicians. 27, 38 Rates of respiratory antibiotic-associated adverse drug reactions (ADRs) and anaphylaxis were derived from several national studies evaluating emergency department visits for antibiotic-associated ADRs; these included skin reactions, digestive effects, and central nervous system effects, among others, ranging from 12 to 17% each for macrolides, fluoroquinolones, and beta-lactams. 1, 2, 26 Baseline rates of antibiotic resistance, as well as rate of susceptible to resistant strain conversion, were based on data from the CDC's Active Bacterial Core Surveillance Report. 25 In addition, the rate of pneumococcal vaccination was based on CDC Behavioral Risk Factor Surveillance System (BRFSS) Reports. 31 Finally, baseline age-adjusted mortality based on actuarial life tables was incorporated to account for death from other causes in addition to deaths resulting from hospitalization and/or complications of S. pneumoniae infection. 39 Costs. Costs were in 2016 US dollars (USD) and derived from the literature and the Centers for Medicare and Medicaid Services (CMS) reimbursement for outpatient encounters based on Common Procedural Terminology (CPT) codes. Costs included intervention implementation costs, provider office visit for respiratory infection, average cost of over-the-counter and symptomatic treatment for acute respiratory infections, and average antibiotic costs. Hospitalization and complication costs were also included for susceptible vs. resistant infections. Costs for the BEARI interventions were calculated based on the Bureau of Labor Statistics compensation rate for physicians, and the approximate amount of time a clinician would spend on an encounter if a BEARI alert or email was generated. Cost of an outpatient encounter was based on the CMS Physician Fee Schedule Healthcare Common Procedure Coding System (HCPCS) code for a minor self-limiting problem. Average over-the-counter, symptomatic treatments and antibiotic costs for acute respiratory infections were based on literature estimates, as well as hospitalization costs for acute respiratory infections and related complications. 2, 27 All costs were adjusted to 2016 USD using the Medical Consumer Price Index (CPI) as shown in Table 1 . An annual discount rate of 3% was applied to all costs.
Quality of Life. Quality of life (QOL) utility weights were based on literature related to acute respiratory infections. For non-infected individuals, a baseline utility value of 0.87 was used across all groups. 33 Acute respiratory infections were assigned a utility of 0.684 (range 0.671-0.696). 34, 35 Treatment for acute respiratory infections was assigned a utility of 0.814 (range 0.801-0.825) for over-the-counter and symptomatic treatment, Figure 1 depicts the Markov framework. BU_^and BV_^designate unvaccinated (UNVACC) and vaccinated (VACC) individuals, respectively, while Bs^and Br^subscripts represent carriers of susceptible or resistant bacterial strains. As individuals get vaccinated over time, they move from the UNVACC to the VACC pool. An individual may contract one of three types of infections: viral acute respiratory infection (VARI), susceptible bacterial acute respiratory infection (BARIs), or resistant bacterial acute respiratory infection (BARIr). For VARI, treatment is either over-the-counter and symptomatic treatment (VOTC), or inappropriate antibiotics (VABX), which may lead to an adverse drug reaction (VADR) and possible emergency department visit (VED) and/or anaphylactic death (VDEATH). Otherwise, the infection will resolve (VRESOLVED) and patients return to the pool of unvaccinated/vaccinated individuals. For BARI, all individuals should receive antibiotics (BABX), which may also lead to subsequent adverse drug reaction (ADR) and emergency visit (BED). In addition, the infection may become severe requiring inpatient hospitalization (BHOSP) and possible infectious and hospitalization complications (BCOMP). Not shown is background mortality, which assumes that individuals may exit the model at any state due to death from natural causes.
and 0.806 (0.698-0.884) for antibiotic prescription treatment. 34 Emergency department visits were assigned a utility of 0.622 (range 0.37-0.94). Hospitalization utility values were 0.53 (range 0.43-0.63) for severe infections, and 0.3 (range 0.237-0.363) for complications resulting from hospitalization. 37 Each utility value was then used to adjust for the time spent in that health state per year to calculate an overall utility value for that health state using the following formula: This calculated utility is shown for each health state in Table 1 . Quality-adjusted life years were discounted by an annual rate of 3%.
Analyses. Outcome measures for this analysis included QALYs and total costs. Treatment arms were compared to the control group in terms of cost per QALY using ICERs. The ICER is the ratio of the difference in costs to the difference in effectiveness between two alternatives 40 :
The ICER allows different interventions to be compared across a standard metric. In this analysis, all treatment arms were compared to the control group. An annual discount rate of 3% was applied to all costs and QALYs.
One-way sensitivity analyses were conducted to test the effect of individual parameters on the results of the model. Probabilities, costs, and utility values were varied per reported ranges published in the literature. Incremental costeffectiveness ratios were recalculated accordingly. A net monetary benefit (NMB) analysis was conducted to assess the cost-effectiveness of each therapy at varying willingness-to-pay (WTP) thresholds. 41 NMB is calculated as follows:
The NMB is determined at each willingness-to-pay threshold. The treatment with the highest NMB at a given WTP is considered the most cost-effective at that WTP threshold. An intervention is considered Bdominated^if its NMB is always lower than another intervention.
Finally, we calculated the total number of antibiotic prescriptions, emergency department visits, hospitalizations, and deaths under each intervention per 100,000 uninfected individuals. We also estimated the budgetary impact of adopting these interventions by calculating the total cost to the healthcare system, should the interventions be implemented, per 100,000 individuals. The total budgetary impact for each intervention was then compared to the control group.
Results
In the base case scenario, all three BEARI interventions yielded more QALYs at a lower cost compared to the control. The QALYs yielded were 14.68 for the control group, compared to 14.73, 14.74, and 14.74 QALYs for Suggested Alternatives, Accountable Justification, and Peer Comparison, respectively, while costs were $178.21 for the control group compared to $173.22, $172.82, and $172.52 for each intervention, respectively. The distribution of each intervention is shown in the cost-effectiveness plane in Figure 2 .
One-way sensitivity analyses revealed that the results remained robust to changes in model parameters; the BEARI interventions continued to yield more QALYs at a lower cost compared to the control group despite parameter changes, and sensitivity analysis results are thus shown as net monetary benefits (Fig. 3) . Results were most sensitive to the utility of the uninfected health state, as most of the time in the model is spent uninfected. Notably, results were sensitive to the probability of experiencing an adverse drug reaction to antibiotics, and going to the emergency department for antibiotic-induced adverse drug reactions, highlighting the significant impact the interventions have on reducing exposure to adverse drug effects. Nonetheless, the BEARI interventions remained dominant over the control group. In addition, results were not affected by changes in bacterial resistance patterns.
Net monetary benefit analysis showed that the BEARI interventions all yielded marginally higher net monetary benefits compared to the control group at very low willingness-topay thresholds (Fig. 4) . This effect remained consistent even at higher willingness-to-pay thresholds (not displayed on the graph for clarity).
In a population of 100,000 healthy individuals over 30 years, we expect to see a total of 160,744 antibiotic prescriptions, 265 emergency department (ED) visits, 71 hospitalizations, and 0.84 deaths due to acute respiratory infection without any intervention in place. In comparison, we expect [CELLRANGE]
[CELLRANGE]
[CELLRANGE] Cost-Effectiveness Plane Figure 2 Cost-Effectiveness Plane. The cost-effectiveness plane depicts the incremental costs and quality-adjusted life years of each intervention relative to the control group. The further down the X and Y-axes the intervention is, the more cost-effective it is relative to the control. 
DISCUSSION
All the BEARI interventions are cost-effective, yielding lower costs for more QALYs compared to no intervention. There were also less antibiotic prescriptions, ED visits, and deaths under the BEARI interventions. Model results were most sensitive to the likelihood of ED visits and antibiotic-associated adverse events, yet each intervention remained cost-effective even when these probabilities were varied per reported ranges. This reduction in costs highlights the significant impact that reducing ED visits Figure 3 One-Way Sensitivity Analysis, Suggested Alternatives. One-way sensitivity analyses yielded similar trends for each intervention, with results most sensitive to the utility of the uninfected health state, followed by the likelihood and costs associated with adverse events due to antibiotics. Therefore, we have not shown a tornado diagram for each intervention evaluated. Results have been transformed into net monetary benefits as even in one-way sensitivity analyses, the interventions remained dominant over the control group, therefore yielding negative ICERs.
Ranges for each parameter varied in sensitivity analysis are shown in Table 1 . and antibiotic-associated adverse events can have on reducing overall healthcare costs. This suggests that reducing inappropriate antibiotic prescriptions can substantially affect healthcare resource utilization beyond simply improving clinical practice. Overall, patient care would benefit from any intervention that minimizes the likelihood of substandard clinical practice, patientlevel adverse drug events, and hospital and individual costs to treat them. Furthermore, the cost effectiveness of these BEARI interventions is consistent with evidence showing that behavioral economics can and should be used to design effective policies and programs to improve health, education, and the economy. 42 Our data extend the existing few data available on the costeffectiveness of active antimicrobial stewardship in the adult primary care healthcare setting for URI. Previous studies utilized models that did not capture the impact of changes in antibiotic resistance resulting from the effects of an antibiotic stewardship intervention, [14] [15] [16] except for one model, which attempted to quantify the cost of resistance associated with each antibiotic prescription dispensed. However, these calculations were rough estimates that could not be verified for accuracy and thus were not considered for use in our analysis. Our model is also one of few cost-effectiveness analyses in health information technology that includes a full accounting of costs and outcomes of the intervention implemented; many previous studies evaluating health information technology have only provided cost data without a full economic evaluation that includes outcomes, and particularly, standardized outcomes (such as quality-adjusted life years). 43, 44 In contrast, our model provides a full economic evaluation of the technology used to implement the interventions.
There are some limitations to our analysis. We were forced to make assumptions for which few or only non-robust data are available. Nonetheless, the variables identified as the major cost drivers were based on credible national datasets (ED visits and ADR information). We also did not include children in this analysis, as the referent BEARI trial included only those > 18 years of age. Children, however, represent a large proportion of inappropriate antibiotic utilization in the USA. Their inclusion in our analysis may have revealed an even larger economic impact of the BEARI intervention. Although we did not find that changes in drug resistance were an important driver of costs, our model was unable to include the potential effects of antibiotic use in animals, which has been shown to contribute to resistance patterns in humans. 45 Another limitation is the assumption that resistance rates stay constant over time. Per CDC's Active Bacterial Core (ABC) Surveillance Report, rates of bacterial resistance have fluctuated widely over the past 10 years, but with a net increase of 1.2% resistant isolates per year. One-way sensitivity analyses allowed testing of resistance rates based on historical trends, and model results remained robust. It is notable that improving prescribing behavior is highly successful in the control of antimicrobial resistance in the hospital setting, but available data suggest that the impact on reversing resistance in the community setting is unlikely or at best, likely to occur at a very slow rate. 46, 47 Only two studies have evaluated this issue and neither showed an impact on pneumococcal antimicrobial resistance in the community. 48, 49 Regardless, appropriate antibiotic prescribing can reduce healthcare costs by up to 20-30%. 9 A practical concern is that the BEARI interventions will not have persistent effects on decreasing antibiotic prescribing rates or that they will be less effective in a non-experimental setting. In our analysis, the rates of antibiotic prescribing were varied based on confidence intervals reported in the randomized controlled trial to verify if improved rates of antibiotic prescribing among the control group would affect the costeffectiveness of the other interventions. Even so, the interventions continue to remain cost-effective primarily because of the significant impact that even a small reduction in antibiotic prescribing would have on adverse drug events and associated emergency department visits.
A major benefit of the BEARI interventions is the ease of implementation and the lack of a need for point-of-care blood testing (e.g., procalcitonin, CRP) in patients who usually have an uncomplicated ARI at presentation. While an underlying assumption for this model is that an existing electronic health record is already in place, thus making the implementation of the interventions inexpensive with little overhead cost, 87% of all office-based physicians and 96% of non-federal hospitals in the USA had an electronic health record system in 2015. 50 The high adoption rate of electronic health record systems allows any electronic interventions to be implemented with due diligence and efficiency without the need to install a completely new system simultaneously. The few remaining organizations lacking electronic health records are likely to eventually convert as the benefits may outweigh the upfront costs.
51,52

Conclusion
In this cost-effectiveness analysis, the BEARI interventions were all shown to be cost-effective relative to the control group, assuming an existing electronic health record is in place. We believe our data are robust and reveal the costeffectiveness of each BEARI intervention; a complement to prior work noting its potential to facilitate improved patient care for those with ARIs, minimize adverse outcomes associated with inappropriate antibiotic use, and potentially mitigate against the development of drug resistance.
